The initial stages of corrosion of AZ31B magnesium alloy, immersed in Ringer′s solution at 37 °C body temperature for four days, have been evaluated by independent gravimetric and chemical methods and through electrochemical impedance spectroscopy (EIS) measurements. The corrosion current densities estimated by hydrogen evolution are in good agreement with the timeintegrated reciprocal charge transfer resistance values estimated by EIS. The change in the inductive behavior has been correlated with difference in the chemical composition of corrosion layers. At the shorter immersion of 2 days, EDS analysis of cross section of the uniform corrosion layer detected Cl and Al elements, perhaps as formed aluminum oxychlorides salts.
Introduction
Magnesium (Mg) alloys are being suggested as biodegradable implant materials for clinical applications [1] [2] [3] [4] [5] , because Mg is non-toxic, biocompatible and beneficial for bone growth and metabolic processes in the human body [6] [7] [8] [9] . As a consequence, these alloys are widely used as materials for biomedical applications [10] [11] [12] [13] [14] . Among the AZ series, AZ31 (Mg-3%Al-1%Zn) is considered to be suitable as biodegradable material for biomedical applications, having several advantages including: reduced aluminum content, microstructure refinement, low fatigue, corrosion resistance similar to other Mg alloys [7, [15] [16] [17] [18] , not harmful to tissue [19, 20] and promoter of new bone cell formation [7, 16] . Cathodically active intermetallic Al-Mn particles located within the grains of α-Mg matrix are the main second phase constituents of AZ31B microstructure, such as Al8Mn5, ε-AlMn, Al11Mn4 and β-Mn(Al) [21] [22] [23] [24] [25] . The corrosion mechanism directly depends on their distribution and the solution composition [26] [27] [28] [29] [30] [31] [32] . As test media in this work was selected Ringer's solution, which is an isotonic (physiological) aqueous solution of NaCl with additional compounds, as found in human body fluids (blood serum).
Magnesium is highly active, presenting rapid and continuing dissolution in aqueous solutions. During its degradation hydrogen gas is produced, which is a problem for cardiovascular stents, or for temporary orthopedic implants and could cause a complete failure of the medical device before the bone is healed. Assessing the corrosion rate of Mg-based implant is a critical issue and different alternative techniques could be used, in order to prevent some method limitations [33] [34] [35] [36] . Besides, Mg corrosion process near the surface-electrolyte is very dynamic, which is altered with time and therefore, the instantaneous test results and those of long-term methods do not conform well [37] .
Widely used technique for corrosion tests in simulated body fluids (SBF) is electrochemical impedance spectroscopy (EIS), for in vitro investigation of the corrosion behavior of metals and alloys [3, 4, [38] [39] [40] . The properties of the electrode surface are not altered after an EIS measurement, since only a small amplitude (~10 mV) AC signal is applied. The high accuracy and reproducibility of the results are well-known advantages of this technique, applied in many material systems and applications [41] [42] [43] [44] . The nondestructive character of the impedance technique allows derivation of in situ changes in Mg-based implant material degradation, which in clinical applications is a rather long-term dynamic process [3, 4, 38] . Some research effort has been focused on the relationship between EIS parameters and independently-measured corrosion rate data, such as average of corrosion mass loss [34, [45] [46] [47] [48] [49] , solution analysis by atomic absorption spectroscopy [50] , or hydrogen gas volume evolution [34, 36, [46] [47] [48] 51] . Good agreement between corrosion rates of bulk magnesium and several alloys calculated from charge transfer resistance values, Rt, obtained from impedance diagrams and atomic absorption or gravimetric measurements have been observed by Makar and Kruger [45] and Pebere et al. [50] . Recently, King et al. [34] and Bland et al. [46, 47] have obtained excellent correlation between the values of the corrosion rate determined by weight loss, hydrogen gas collection and EIS measurements, extrapolating the inductive loop of the impedance diagrams to zero frequency, defined as the polarization resistance (Rp), rather than Rt. Most of the studies are conducted at the room temperature, using rather simple electrolytes, for example, NaCl, Na2B4O7 and Na2CO3, Na2SO4, ammonium/carbonate solutions. Likewise, there is a lack of similar investigations on the use of EIS as a method to determine corrosion rates of Mg-based materials for clinical implants, exposed to simulated body fluids at a body temperature of 37 °C. Xin et al. [52] have reported degradation rates of Mg immersed in SBF having different concentrations of HCO3 − and correlated the EIS data with hydrogen evolution values. Recently, Liu et al. [49] have established a good agreement between EIS-estimated Rt values, hydrogen evolution measurements and mass loss, performed on a Mg-1Ca alloy exposed to SBF solution.
In the low frequency (LF) region, the impedance diagrams of Mg usually are characterized by a well-marked inductive loop [34, 53] , while the high frequency loop is considered to be a consequence of the formed corrosion film and its influence on the charge transfer process [54] . The inductive behavior could be associated with the occurrence of pitting corrosion, accompanied by the absorption of Mg(OH) + ads or Mg(OH)2 species [50, 54] , or because of accelerated anodic dissolution [34] . The inductive loop could disappear when corrosion protective layer is formed on the surface [55, 56] . However, the effect of the precise chemical species, which are responsible for the characteristic inductive loop, is still unclear [34] and its interpretation remains controversial [51] .
The aim of this study is to follow the evolution of AZ31B magnesium alloy surface activity during the initial stages of corrosion in Ringer's solution, maintained at a body temperature of 37 °C. One goal is to explore the EIS capabilities for reliable corrosion rate determination. A key objective is to determine which resistance, as obtained from the impedance diagrams, has a stronger correlation with the calculated corrosion rate, based on volume of hydrogen evolution. In this investigation, the EIS technique is used in combination with the SEM-EDS analysis applied on the cross-sections of the test samples, in order to provide information on the grown corrosion films on AZ31B and establish a relationship between their EIS-inductive behavior in artificial physiological environment.
Materials and Methods

Sample Preparation
The composition of the rolled AZ31B Mg-alloy sheet (Magnesium Elektron Ltd., Manchester, UK) is given in Table 1 . Square coupon specimens of dimensions 20 × 20 × 3 mm 3 and 50 × 50 × 3 mm 3 were used. Before tests all samples were abraded with 2000 grit SiC paper and mirror polished with 1-µm diamond paste, using ethanol as lubricant, then they were sonicated in ethanol and dried in warm air flow. 
Immersion Test
The isotonic Ringer′ solution is a physiological solution, which is an aqueous solution of NaCl with additional compounds, as constituents of the human body fluids (blood serum). It was prepared as described elsewhere [57] with deionized water (18.2 MΩ·cm) and analytical grade reagents (NaCl, KCl, CaCl2) supplied from Sigma-Aldrich, St. Louis, MO, USA. During the test the temperature of the solution was kept stable thermostatically at 37 °C ± 1 °C, the body temperature, using a Digital Circulating Water Bath (Ultrasons Medi-II, J.P. Selecta).
Microstructure Characterization
Frontal and cross-sectional SEM (Jeol JSM 6500F, Jeol Ltd., Tokyo, Japan) and optical microscopy (Olympus BX-51, Olympus, Tokyo, Japan) images of AZ31B surface were used to characterize the morphological and microstructural changes occurring during the corrosion process.
The corrosion product's elemental composition was characterized through SEM-EDS (EDS, Oxford instrument, Oxford, Oxfordshire, UK) and the phase composition by low-angle X-ray diffraction instrument (XRD, Bruker AXS D8 diffractometer, Bruker AXS, Karlsruhe, Germany) with CuKα radiation.
Hydrogen Evolution Measurement
Immediately after immersion of the AZ31B samples in the Ringer′s solution, hydrogen gas evolution is observed (Equation (1)), produced by magnesium corrosion [1, 2, 26] :
Hydrogen collection was performed by placing the entire specimen surface (10.4 cm 2 ) into the Ringer′s solution under an inverted burette system [58] . The height of the solution level in the burette was recorded.
The relationship between the measured volume of hydrogen gas (VH, mL) and the corrosion current density ( , mA cm −2 ), is determined via a combination of Faraday's and ideal gas laws:
where A is the surface area (cm 2 ) and t is the time (days) of exposure.
Electrochemical Measurements
Electrochemical impedance (EIS) measurements were carried out using a potentiostat with a frequency response analyzer (Autolab PGSTAT30, Metrohm, Herisau, Switzerland). The three electrode cell consisted of AZ31B working electrode (9 cm 2 of area), Pt spiral auxiliary electrode and saturated Ag/AgCl (sat. KCl) reference electrode. In order to establish a relatively stable open circuit potential (OCP), the electrochemical measurements were performed after 30 min of immersion of the AZ31B in the Ringer's solution. The tests were carried out varying the exposure time of AZ31B from 1 h to 4 days. The EIS measurements were conducted at OCP (open circuit potential) conditions, applying 10 mV sinusoidal signal amplitude with frequencies ranging from 100 kHz to 1 mHz. The EIS data were numerically fitted with equivalent circuits using Zview software (3.0a Scribner Associates, Inc., Southern Pines, NC, USA).
The corrosion layers of the EIS tested samples were removed after a 10 min cleaning procedure with a solution of 10 g/L AgNO3 (Sigma-Aldrich, St. Louis, Missouri, MO, USA) and 200 g/L CrO3 (Sigma-Aldrich, St. Louis, Missouri, MO, USA), at room temperature (21-22 °C), rinsed with distilled water and ethanol, then dried in warm air flow before determining the weight loss. All tests and measurements reported in this study were triplicated to ensure repeatability.
Results
Surface Morphology and Cross-Sectional Analysis of Corrosion Layers
The morphologies of AZ31B surfaces, after immersion in Ringer′s solutions at 37 °C for different times, are shown in Figure 1 . After 2 days of immersion, a thick layer of corrosion completely covered the AZ31B alloy surface (Figure 1a) . The surface morphology after 4 days immersion shows severe pitting corrosion, which could reach a diameter of ~200 µm (white arrows in Figure 1b) . The cross sectional morphology images (BSE) of the corrosion layers formed after 2 and 4 days of immersion (Figure 2a 
XRD Analysis of Corrosion Layers
The XRD spectra (Figure 3 ) of AZ31B surfaces, after their exposure in the Ringer′s solution for varying immersion periods, indicated that brucite Mg(OH)2 is the primary phase of the corrosion layer. In contrast with the EDS data, no diffraction peaks associated with Al-oxychlorides were registered, suggesting that these compounds appear in an amorphous form [60] , or are below the detection limit for second phases using XRD technique (>5% usually). 
Hydrogen Evolution Measurement
The volume of hydrogen gas (Figure 4) for the AZ31B samples immersed in Ringer′s solution for up to 4 days slowly increased during the first 24 h. After three days of immersion, the volume of hydrogen evolution increased markedly, indicating the formation of non-protective corrosion layer [61] . 
EIS Diagrams
Nyquist diagrams of AZ31B samples immersed in the Ringer′s solution (37 °C) display one semicircle ( Figure 5 ). The diameter decreases with time and at lower frequencies an inductive loop is visible, which decreases at the end of the experiment (enlarged impedance spectra in the top-left corner of Figure 5 ). The electrical equivalent circuit (EEC), used to fit the EIS diagrams is shown in Figure 6 . Because of the depressed Nyquist diagram in the center (Figure 5 ), a constant phase element (CPE1) was introduced instead of the capacitor, as a characteristic of the electrical double layer in addition to the solution resistance (Rs) and the charge transfer resistance (Rt). An inductor (L) and a resistance (R1) have also been included to represent the inductive response appearing at the low frequency [38, 62] . By using this EEC, a good fit is obtained with an average value of χ 2 around 10 −3 . The polarization resistance (Rp) values, corresponding to the equivalent circuit (Figure 6 ), were calculated using the following equation [34, 46, 47] : Table 3 shows the results of the fitting of the electrochemical parameters with respect to the considered equivalent circuit. After the first hour of immersion, the values of the modulus of CPE1 (Q1) increased (Table 3) , consistent with the changes occurring on the metal surface with the advance of the corrosion process. The exponent of the constant phase element (n1) decreased with immersion time (Table 3) , being 0.78 after four days, significantly lower than 1, suggesting a behavior far from ideal, because of more pronounced heterogeneity and growth of large pits on AZ31B surface, as
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shown in Figure 1b . Besides, after the first hour of immersion of AZ31B, the Rt value was twice lower (Table 3) , indicating decreased protective ability of the formed corrosion layer and as a consequence of the activation of the cathodic process [47] . No significant difference was observed in R1 values during the test period. Similar to other electrochemical methods, the value of the EIS-estimated resistance (R) is converted into a value of corrosion current density (jcorr), using the Stern-Geary equation [63] :
where B is the Stern Geary coefficient, a function of the anodic and cathodic Tafel slopes (βa and βc) [43, 44] . Because there is no reasonable linear regions in the anodic branches of Mg and its alloys, the accuracy of the value of B obtained from the polarization curves is questionable [44, 48, 64] . The aforementioned problem made it necessary to use apparent Stern Geary coefficients B′ estimated from the calibration relationship between EIS and hydrogen evolution or mass loss measurements [48, 49, 51, 65] . It has been demonstrated that the anodic charge obtained from the integration of the jcorr values, as found from the EIS measurements varying immersion periods (Equation (5)), is similar to the consumed anodic charge found on the mass loss [34, 46, 47] :
where jWL is the corrosion current found on the mass loss measurement. Assuming a constant value (with time > 3 days) of the 'apparent' Stern-Geary coefficient (B′) for a given metal/environment system [66] , it follows: The change in the corrosion current density (Equation (4)) as a function of the immersion period of AZ31B in Ringer′s solution (at 37 °C) is shown in Figure 8 . For the current calculation the 'apparent' Stern-Geary coefficients B′ and EIS-estimated Rt and Rp values (Table 4) were used, as well the hydrogen evolution measurements (Figure 4 ). It can be seen that there is a good agreement between the corrosion current densities from EIS-estimated Rt values and hydrogen measurements, however, an overestimation of the corrosion current density was observed when considering EIS-estimated Rp values. Similar to our previous studies [48, 67] , the contribution of the inductive response (difference between Rp and Rt [34] ) has been quantified by using the ratio δ, obtained from the diameters of the inductive loop Rt-Rp and the overall capacitive loop Rt. The evolution of the δ values with increasing immersion time is displayed in Figure 9 . During the first hours the δ values are 0.5-0.7 but after four days they decrease significantly to approximately 0.1-0.2. To illustrate the relationship between the localized pitting corrosion of AZ31B and the inductive behavior, Figure 10 presents a comparison between the EIS spectra after two (Figure 10a ) and four ( Figure 10b ) days of immersion in the Ringer's solution (37 °C) and the optical cross-sectional images of the tested samples (Figure 10c,d) . It can be observed that the inductive loop size is independent of the severity of the pitting corrosion damage. 
Discussion
Changes in the Chemistry of the Uniform Corrosion Layer Formed on AZ31B Mg-Alloy Surface in Ringer′s Solution and Correlation with EIS Results
Because of the high chloride concentration of Ringer′s solution (about 0.15 M), the formed insoluble magnesium hydroxide (Equation (1)) on the AZ31B Mg-alloy surface is transformed to a highly soluble MgCl2 (Equation (7)), which is a source of released magnesium ions (Equation (8)) and an increase of the local pH [3, 38] :
MgCl → Mg + 2Cl
Instead of MgCl2, the results of this study may be suggestive for chloride association with aluminum, as evidenced by the EDS analysis of the corrosion layer ( Figure 2c and Table 2 ). EDS results of Beldjoudi et al. [68] have shown that the corrosion products of AZ91 alloy exposed to 5% NaCl (saturated with Mg(OH)2), were enriched with Al but no Cl was detected. To our knowledge, there are no studies, which have established the presence of significant amounts of aluminum oxychlorides salts in the uniform corrosion layers formed on the magnesium-aluminum alloy surfaces, after being exposed to simulated physiological solutions. However, reported results for Al immersed in 1 M NaCl at pH = 11 suggest that because the concentration of Cl − ions within the pits is much higher than that of OH − ions, it may be expected that the hydrolyzed aluminum cations would complex with the chloride ions to form basic salts [69] . The low pH maintained inside the pit was also considered to be a consequence of the presence of aluminum salts in the interior of pit [70] . Although the reasons are still unclear, the accumulation of metal chloride at the metal interface should be considered as a promoter of the oxide film rupture and nucleation-propagation of growing pits [71] . Besides, the thickening of the formed corrosion layer could bring to the rupture in the surface layer (unfavorable Pilling Bedwoth ratio < 1).Thus, one could speculate that the formation of corrosion products with poorer protection properties and the increase in the tendency for pitting (Figure 10c,d) are promoted by the significant content of Cl in the form of aluminum oxychlorides salts, observed across the uniform corrosion layer grown on AZ31B after 2 days immersion in the Ringer′s solution (37 °C). For longer exposure times (4 days) the Cl disappears from the uniform corrosion layer. As the local pH value becomes quite alkaline, due to the creation of OH − ions (Equation (7)), this fact may contribute to the increase of dissolution rate of the aluminum oxychlorides present in the uniform corrosion layers at the beginning of immersion test.
The shrinking of the EIS inductive loop with immersion time (Figures 5 and 9 ) could be considered to be a consequence of the important decrease in the aluminum salts content observed in the uniform corrosion layer commented previously. Reports concerning the aluminum corrosion suggest that EIS diagrams present the appearance of low frequency pseudo-inductive loop when Cl − ions are chemisorbed on aluminum-oxide surface and oxide-chloride complex [72] , or aluminum salt film [73] is formed.
Correlation between Corrosion Current Densities Estimated by EIS and Hydrogen Evolution Volume
In our work integration over the exposure period was applied to correlate corrosion current values, estimated by EIS, hydrogen collected gas and gravimetric measurements. It should be noted that the corrosion current densities determined from parameter Rt quantitatively agree with the corrosion current densities calculated using independent hydrogen evolution measurement, over the whole duration of the measurement (Figure 8 ). Our suggestion is that R should be closely related only to the activation (charge-transfer) controlled cathodic process of hydrogen evolution, which occurs at the interface metal-electrolyte, in the absence of such control in the anodic process. With this assumption, Rt could be inserted in the Stern-Geary equation to estimate the corrosion current densities. If the parameter Rp and value of B′ = 204 mV are used (Table 4) , the estimated corrosion current yielded 20-50% greater values than those based on the hydrogen evolution volumes during the first two days of AZ31B immersion in the Ringer′s solution at 37 °C (Figure 8 ). By prolonging immersion time, a significant decrease occurs in the differences between the corrosion current values derived from EIS-estimated Rp measurements and those derived from the hydrogen evolution. The reason is that Rp characterizes the overall corrosion process (cathodic and anodic, besides the surface changes), having a meaning more complex than that of the Rt values. We hypothesize that Rp may be composed of other resistances (in addition to Rt), such as diffusion of the reacting species, including passivation, adsorption and salt film Ohmic resistance. The electrochemical overestimation of the corrosion current, using the EIS-Rp values, may be assigned to a possible superposition, due to the initial formation of a salt film on the uniform corrosion layer and its subsequent dissolution during immersion of AZ31B in the Ringer′s solution.
With regard to the 'apparent' Stern-Geary coefficients B,' based on EIS-estimated Rt or Rp values (Table 4) , the recent work reported by Curioni et al. [49, 51] could serve as a reference, despite the use of the reciprocal Rt values. In our study, the estimated B′ is ∼317 mV for the AZ31B magnesium alloy exposed to the Ringer's solution (at 37 °C), when the time-integrated reciprocal Rt resistance values were used. When AZ31B was exposed to 0.6 M NaCl (at 21 °C), the value was ~97 mV [48] . This difference should be attributed to the variance in the chemical composition of both tested solutions: The Ringer′s solution contains four times lower chloride concentration (0.15 M NaCl and with additional compounds) and the experiments were performed at higher temperature (37 °C). The nature of the metal or alloys and the specific corrosive environment could influence the value of B [66] , which correlates to the Rp and the instantaneous corrosion rate. The results of our study suggest that the chloride concentration in the test solution is a critical factor for the Stern-Geary coefficient B′.
Conclusions
(1) The use of mass loss data and time-integrated reciprocal values of the charge transfer resistance Rt estimated by the EIS diagrams, allows to follow the variation in the corrosion current densities of AZ31B Mg-alloy as a function of the immersion time up to four days in Ringer's solution (at 37 °C), similar to those measured by an independent chemical (I.e., non-electrochemical) method of hydrogen evolution.
(2) The value of the 'apparent' Stern-Geary coefficients B' ( 300 mV) was empirically obtained.
The marked decrease in the EIS inductive loop, with increased immersion time in the Ringer′s solution, tends to reflect the dissolution of aluminum chloride salt, which is probably formed across the uniform corrosion layer during the initial stages, as suggested by the EDS analysis.
(4) The formation and dissolution of metallic salt, as a part of the corrosion layer formed on AZ31 in the Ringer′s solution at 37°C, seems to be responsible for the decrease in the accuracy of the corrosion current densities derived from EIS estimated Rp. 
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